Abstract: This paper assessed the effect of projected climate change on the grain yield of barley in fourteen administrative regions in the United Kingdom (UK). Climate data for the 2030s, 2040s and 2050s for the high emission scenario (HES), medium emissions scenario (MES) and low emissions scenario (LES) were obtained from the UK Climate Projections 2009 (UKCP09) using the Weather Generator. Simulations were performed using the AquaCrop model and statistics of simulated future yields and baseline yields were compared. The results show that climate change could be beneficial to UK barley production. For all emissions scenarios and regions, differences between the simulated average future yields (2030s-2050s) and the observed yields in the baseline period ranged from 1.4 to 4 tons·ha −1 . The largest increase in yields and yield variability occurred under the HES in the 2050s. Absolute increases in yields over baseline yields were substantially greater in the western half of the UK than in the eastern regions but marginally from south to north. These increases notwithstanding, yield reductions were observed for some individual years due to saturated soil conditions (most common in Wales, Northern Ireland and South-West Scotland). These suggest risks of yield penalties in any growing season in the future, a situation that should be considered for planning adaptation and risk management.
Introduction
Barley (Hordeum vulgare L.) is widely grown due to its tolerance to a wide range of growing conditions. In terms of quantity of grains produced, barley is the fourth most important crop in the world [1] . In the United Kingdom (UK), barley is the second most widely grown arable crop (after wheat) and the number one crop in Scotland [2] . Feed use and malting account for over 60% and a little over 30%, respectively, of barley produced in the UK [2] . Premium whiskey and malt barley production confers a cultural significance to barley in the UK.
Climate change presents both opportunities and threats to barley production in the world. In northern temperate environments such as the UK, elevated atmospheric CO 2 , together with moderate warming and adequate soil water supply, can be beneficial to a C 3 cereal crop like barley [3] [4] [5] [6] . Such benefits include increased photosynthetic capacity, through radiation and water use efficiency, sensitive to soil water and temperature regimes around establishment, anthesis and grain filling [17, 18] . While barley is known to be moderately tolerant to soil water deficit [19] , it is sensitive to anoxic conditions and heat stress, and compensates poorly with respect to reduced tillering in early stages. For example, simulation results show that intra-seasonal water deficits can reduce barley grain yields by up to 4.5 tons·ha −1 in the 2050s in Ireland [14] . Warmer conditions can also hasten phenophases and senescence of barley and thereby reduce harvest index [18, 20] . Thus, a combination of water and heat stress can potentially reduce the grain yield of barley in the UK.
Crop simulation models can be used to estimate the effects of climate change on crops. Crop simulation models vary in complexity and data requirements depending on the nature of their growth models [21] . Crop models used previously to assess the impact of projected climate change scenarios on barley include CERES-Barley [14, [22] [23] [24] [25] , CropSyst [26, 27] , WOFOST [3, 28] . While these models perform well, they are data-intensive. An evaluation of nine crop growth models for simulating spring barley yields in different climatic zones of Northern and Central Europe showed WOFOST as one of the top three performing models, with CropSyst showing large uncertainty [29] . Water-driven models, such as AquaCrop, (in which crop growth is mainly driven by water productivity and limited by soil water deficit) are now widely used because they are relatively simple, easy to use and less data intensive [30] . An evaluation of AquaCrop, CropSyst and WOFOST models under different soil water regimes showed comparable results [30] . In the current study, we used the AquaCrop model [31] because, although it has not been widely used in climate change studies, it is less data-intensive and its performance compares well with commonly used models. Moreover, it performed well during a calibration study involving three models and nine barley genotypes under Scottish conditions [32] . In the UK, precipitation generally decreases from West to East and North to South while the reverse is true for temperature. This suggests that climate change can have geographically different effects on barley production in the UK as observed in Ireland [14] . However, there is little information on the effects of climate change on barley grain yields at regional scale in the UK. Such information is relevant for planning adaptation at the regional level. The study reported in this paper, therefore, simulated the effect of projected climate change on barley grain yields across fourteen (14) administrative regions of the UK (Figure 1 ) in the 2030s, 2040s and 2050s.
Materials and Methods

Data Sources
Climate Data
The UK Climate Projections 2009 (UKCP09) is a database on probabilistic projected climate change over the UK [33] . The Weather Generator (WG, version 2) embedded in the UKCP09 [34] was used to generate future daily climate data for the 2030s, 2040s and 2050s under the high emissions scenario (HES), medium emissions scenario (MES) and low emissions scenario (LES) for each of the fourteen regions of the UK. The WG randomly samples a specified number of model variants from the probabilistic projections and uses a stochastic process to generate statistically credible future climate variables at 5 km grid resolution and at daily or hourly scales (see [34] for a detailed description).
Daily weather data for each region, time slice and emissions scenario was obtained by submitting appropriate request for standard WG variables to the UKCP09 database. For each request, 40 contiguous cells (maximum allowed) were selected in the region of interest based on the arable areas in the UK land cover map (LCM 2007, Centre for Ecology and Hydrology). Each WG run was 30 years and 100 random samples were requested from 10,000 randomly sampled model variants. From the output files generated by the WG for each request, climatic variables relevant for the simulations were extracted into a separate text file, using a Python code, for further processing to make them readable in the software for the simulations (AquaCrop).
The projected atmospheric CO 2 concentrations for the MES and LES were already in AquaCrop [31] . The projected atmospheric CO 2 concentration for the HES was created from data obtained from the IPCC data distribution centre (www.ipcc-data.org/ancillary/tar-isam.txt). "A future without climate change" scenario was not considered in the current study because of the medium-term warming effect of greenhouse gases already committed to the atmosphere and the current levels of greenhouse gas emissions [35] [36] [37] .
Soil Data
Soil data was obtained from the Crop Growth Monitoring System (CGMS) database in the New Soil Information System (SINFO) [38] . The SINFO is part of the European Union programme on Monitoring Agriculture with Remote Sensing (MARS) Crop Yield Forecasting System (MCYFS, [38] ). The SINFO database has a scale of 1:1,000,000 in which Europe is divided into soil mapping units (SMU). Each SMU has several soil typological units (STUs) with attributes describing the properties of the soils.
The SINFO data was downloaded and imported into ArcGIS 9.1 (ESRI™, Redlands, CA, USA) for further processing. The UK was clipped from the map and attribute tables were joined based on common fields. The SMU attribute table was joined to the STU attribute table using the common field smu no. and the resulting table was in turn joined to the soil physical group table via the common field soil group no. This resulted in one attribute table for all the soil polygons. The final map, with the joined table containing all the attributes for all the soil polygons, was exported to represent the UK soils used in the simulation. The UK soils map was intersected with a map of UK regions to obtain the distribution of soils in each region. For each region, the soil with the largest spatial distribution in arable areas was considered to be the dominant soil class. The weighted averages of the hydraulic attribute values of the dominant soil polygons were then used to represent the hydraulic properties of the soil for that region in the simulations.
Baseline Yield Data
The Home Grown Cereals Association (HGCA) Recommended List shows that the genotype Westminster is widely grown in the UK both as a spring and winter barley crop, for feed and malt, and is high-yielding. The genotype "Westminster" was used as the representative barley crop for the simulations. It was one of ten barley genotypes grown under Scottish conditions and used for a calibration study using the AquaCrop model (see [32] ). Average barley yields for the baseline period were obtained from the respective National Agricultural Statistics Departments in the UK. The data were harmonized in terms of units. For England, the regional yield data were available for the period 1999-2010. However, UK national yield data were available for the entire baseline period. The averages of the differences between the UK and each English regional yield for the period 1999 to 2010 were calculated. To obtain the yield for each English region for the baseline period, the average calculated above was subtracted from the UK national yield for the years in the baseline period. The same approach was used to fill gaps in the data for Northern Ireland.
Simulations
The AquaCrop model was used to simulate future yields of spring barley in the UK, using the calibration information on the genotype Westminster (see [32] ), together with information from [31] . AquaCrop is a crop-water productivity model for simulating biomass production and yield response to soil water dynamics and climatic conditions [31, 39] . It incorporates current knowledge of crop physiological responses to predict attainable yield of a crop. It is designed to offer a balance between accuracy, simplicity and robustness. The conceptual framework, underlying principles, and distinctive components and features of AquaCrop have been described by Steduto et al. [39] . The structural details and algorithms of AquaCrop have also been reported by Raes et al. [31] .
The soil sub-model is designed as a dispersed system permitting the user to define up to five layers of varying textures and depths in the soil profile. This sub-model contains default values of hydraulic properties (saturated hydraulic conductivity, saturated water content, field capacity and wilting point), generated using a pedotransfer function, for all the soil textural classes defined in the USDA soil texture triangle. However, user-defined soil type and or values of hydraulic characteristics are permitted. The available soil water in the root zone is tracked from water input by performing a daily water balance that includes the processes of runoff, infiltration, redistribution, deep percolation, capillary rise, uptake, evaporation and transpiration. In performing soil water balance, AquaCrop separates soil evaporation from crop transpiration.
The crop-growth sub-model relies on the conservative behaviour of water productivity. Thus, biomass production in AquaCrop is a function of water productivity and crop transpiration relative to the extent of canopy cover. The canopy cover (expressed as a fraction of green canopy ground cover) is crucial as it determines the scale of transpiration and biomass production through its expansion, ageing, stomata conductance and senescence. Under unstressed conditions, canopy expansion from emergence to full cover follows an exponential growth function while the phase from full canopy to senescence follows a decay function. Subsequent to full canopy cover, the canopy can have a variable duration period prior to senescence. Lower level or intermediary processes of biomass accumulation are not simulated but synthetically incorporated into a single coefficient defined as biomass water productivity (WP), which is normalised for reference evapotranspiration (ET O ) and CO 2 concentration of the bulk atmosphere. This normalisation makes the model applicable to varied locations and seasons, including climate change scenarios. Even though the final yield is a product of biomass and harvest index (HI), AquaCrop separates final yield into biomass and HI and, thus, allows a distinction of environmental effects on biomass production and harvest index [31, 40] . The crop-growth sub-model has five main components and related dynamic responses to environmental conditions (phenology, canopy cover, rooting depth, biomass production and harvest index). Crop responses to water stress occur through three main conservative, plant-based parameters: reduced rate of canopy expansion, stomatal control of transpiration, and accelerated canopy senescence [31, 41] . Through these pathways, the WP and HI are adjusted. Other water stresses (e.g., waterlogging) can also affect the WP and HI.
The stress functions of the crop responses are considered conservative with respect to management or geographical location, but the onset and intensity of stresses are strongly dependent on management, time, climate, and soil conditions [31] . Simulations can be run in either growing degree days or calendar days depending on data availability and user preference.
The HGCA indicates that the optimum sowing dates for spring barley range from late January to end February in the south and east of England and from late February to the end of March in Scotland. According to the HGCA, sowing outside the optimum period can result in a reduction in grain quality and yield penalties of 30-50 kg·ha −1 ·day −1 . Hence, the search for appropriate sowing dates in the AquaCrop model was restricted to the HGCA recommended sowing period (±1 week). In AquaCrop, the sowing date for each region was obtained by forcing the model to the 1990 yield for that region by varying only the sowing date until the simulated yield approximated the observed yield [42] . The first sowing date that gave the closest match between the simulated and observed yields was used as the sowing date [42] . The differences between the observed and simulated yields for 1990 ranged from −0.14 to 0.59 tons·ha −1 . To compensate for yield increase due to, for example, genetic improvement, the reference harvest index (HIo) was reduced to 0.46 when the model was being forced to the 1990 baseline. This is because using a HIo of 0.49 gave yields substantially higher than the actual yields. The HIo was restored to 0.49 for the climate change simulations. The reliability of the sowing dates and the model setup were assessed by comparing simulated and observed yields for the period 1980-1989 [42] using the root mean square error (RMSE, [43] ):
where P i and O i are the predicted and observed yields, respectively; n and m are the number of observations and the mean of the observed yields, respectively. Fertility stress and irrigation were not considered for any of the simulations. Furthermore, no field management was specified and the initial soil water content was set to field capacity. The main parameters used in AquaCrop for the simulations are presented in Table 1 . Using the relevant climate, soil and crop files, 100 multiple run project files were created for each region, time slice and emissions scenario. The multiple run project files were transferred to the AquaCrop plug-in program [31] in which the simulations were executed. Initial canopy cover (%) 3.6
Time from sowing to emergence (GDD) 135
Canopy growth coefficient (fraction per GDD) 0.8
Maximum canopy cover (%) 85
Time from sowing to flowering (GDD) 950
Length of flowering stage (GDD) 215
Time from sowing to start of senescence (GDD) 1315
Canopy decline coefficient (fraction per GDD) 0.06
Time from sowing to maturity (GDD) 1675
Development of root zone
Minimum effective rooting depth (m) 0.30
Maximum effective rooting depth (m) 0.70
Shape factor describing root zone expansion 1.5 Vol. % at anaerobiotic point (with reference to saturation) 15
Temperature stress
Minimum air temperature below which pollination starts to fail (cold stress, • C) 5
Maximum air temperature above which pollination starts to fail (heat stress, • C) 30
Minimum growing degrees required for full biomass production ( • C-day) 15
Data Analysis
The output text files of the climate change simulations for each of the 100 multiple run project files for each region, time slice and emissions scenario were imported to separate worksheets in a Microsoft Excel 2010 workbook. Descriptive statistics, including percentiles, were then computed for the simulated yields for each time slice, emissions scenario and region using the Data Analysis tool. The same computation was done for the baseline yield data. Differences between projected yields and observed yields in the baseline period were calculated. Temporal trends in yields in both the baseline and future climates were generated and causes of yield dips were explored.
Results
Baseline Yields
Mean yields for the baseline period ranged from approximately 3.7 tons·ha −1 in Northern Ireland (NI) to 4.6 tons·ha −1 in South East Scotland (SES), with a UK average of 4.2 tons·ha −1 (Table 2) .
Six regions had mean yields greater than the UK yield. The 90th percentiles ranged from 4.3 tons·ha −1 in North West England (NWE), to 5.2 tons·ha −1 in South East England (SEE) and South East Scotland (SES), while the 10th percentiles ranged from 2.9 to 4.0 tons·ha −1 . Generally, the baseline yields increased marginally from west to east and from south to north. The standard deviations were low and the differences between regional yields were not substantial. The regional yields were positively skewed (except South West Scotland, SWS) but the low skewness values indicate that few yield values exceeded their respective mean yield values. Figure 2 shows low temporal variation in the baseline yields for all the regions, suggesting yield stability over time. The baseline yields also showed an increasing trend over time. To provide a perspective, the 2010 spring barley yields of English regions are presented in Figure 3 . The yields ranged from 4.6 tons·ha −1 (NWE) to 5.3 tons·ha −1 (SEE) (Figure 3 ). The mean yield for the English regions was 4.9 tons·ha −1 . The mean yield for the rest of the UK (Wales, Northern Ireland and Scotland) was 5.4 tons·ha −1 and the UK average was 5.2 tons·ha −1 .
To provide a perspective, the 2010 spring barley yields of English regions are presented in Figure 3 . The yields ranged from 4.6 tons·ha −1 (NWE) to 5.3 tons·ha −1 (SEE) (Figure 3 ). The mean yield for the English regions was 4.9 tons·ha −1 . The mean yield for the rest of the UK (Wales, Northern Ireland and Scotland) was 5.4 tons·ha −1 and the UK average was 5.2 tons·ha −1 . 
Accuracy of Sowing Dates
The sowing dates ranged from February 13 for Eastern England (EE) to March 24 for North West Scotland (NWS) ( Table 3 ). The RMSE values associated with the sowing dates and model parameters ranged from 0.44 (EE) to 1.15 tons·ha −1 (Wales, WA) and 0.35 tons·ha −1 for the UK. It is noteworthy that the regional average yields are a mix of different genotypes under different management practices. 
Simulated Future Yields of Barley
In the 2030s, simulated mean yields of barley for the LES ranged from 5.87 (EM) to 6.20 tons·ha −1 (SWE) with a UK average of 6.04 tons·ha −1 (Figure 4) . Only Eastern England, East Midlands (EM) and 
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Simulated Future Yields of Barley
In the 2030s, simulated mean yields of barley for the LES ranged from 5.87 (EM) to 6.20 tons·ha −1 (SWE) with a UK average of 6.04 tons·ha −1 (Figure 4) . Only Eastern England, East Midlands (EM) and Yorkshire and Humber (YH) had mean yields under 6.0 tons·ha −1 . The 90th and 10th percentile yield values ranged from 6.16 to 6.57 tons·ha −1 and 5.61 to 5.93 tons·ha −1 respectively (Table 4) . For the UK, the 90th and 10th percentiles were 6.45 and 5.71 tons·ha −1 respectively.
Yorkshire and Humber (YH) had mean yields under 6.0 tons·ha −1 . The 90th and 10th percentile yield values ranged from 6.16 to 6.57 tons·ha −1 and 5.61 to 5.93 tons·ha −1 respectively (Table 4) . For the UK, the 90th and 10th percentiles were 6.45 and 5.71 tons·ha −1 respectively. Under the MES, the mean yields ranged from 5.94 (NWE) to 6.96 tons·ha −1 (SEE), and 6.46 tons·ha −1 for the UK (Figure 4) . The 90th and 10th percentiles of yields ranged from 7.15 to 7.59 tons·ha −1 and 3.01 to 6.40 tons·ha −1 respectively (Table 2) . For the UK, the 90th and 10th percentiles were 7.39 and 6.74 tons·ha −1 respectively. Mean yields, under the HES, ranged from 5.36 (WA) to 7.10 tons·ha −1 (SEE), with 6.53 tons·ha −1 for the UK. Only SEE had a mean yield over 7 tons·ha −1 . The 90th and 10th percentile yield values ranged from 6.90 to 7.83 tons·ha −1 and 2.81 to 6.61 tons·ha −1 , respectively. As indicated by the standard error and deviation values, there was little variability in yields within model variants and across the regions.
In the 2040s, simulated mean yield values under the LES for all regions ranged from 6.08 (EM) to 6.41 tons·ha −1 (SWE), with 6.24 tons·ha −1 for the UK ( Figure 5 , Table 5 ). The 90th and 10th percentile yield values ranged from 6.28 to 6.74 tons·ha −1 and 5.77 to 6.17 tons·ha −1 respectively. Yields for Eastern England, East Midlands, North East Scotland, North West Scotland (NWS) and West Midlands (WM) were negatively skewed. Under the MES, simulated mean yields ranged from 5.38 (WA) to 7.21 tons·ha −1 (NWS) and 6.70 tons·ha −1 for the UK. Five regions (EM, NI, NWS, WM and YH) had mean yields just over 7.0 tons·ha −1 . The 90th and 10th percentiles ranged from 7.53 to 7.88 tons·ha −1 and 2.90 to 6.70 tons·ha −1 respectively. Under the HES, regional mean yields ranged from 5.89 (WA) to 7.59 tons·ha −1 (SEE), with an average of 7.14 tons·ha −1 for the UK. Only EE, NWE and WA had mean yields lower than 7 tons·ha −1 . The 90th and 10th percentiles ranged from 7.45 to 8.34 tons·ha −1 and 3.48 to 7.09 tons·ha −1 respectively. All the regional yield values under both MES and HES were negatively skewed. Under the MES, the mean yields ranged from 5.94 (NWE) to 6.96 tons·ha −1 (SEE), and 6.46 tons·ha −1 for the UK (Figure 4) . The 90th and 10th percentiles of yields ranged from 7.15 to 7.59 tons·ha −1 and 3.01 to 6.40 tons·ha −1 respectively (Table 2) . For the UK, the 90th and 10th percentiles were 7.39 and 6.74 tons·ha −1 respectively. Mean yields, under the HES, ranged from 5.36 (WA) to 7.10 tons·ha −1 (SEE), with 6.53 tons·ha −1 for the UK. Only SEE had a mean yield over 7 tons·ha −1 . The 90th and 10th percentile yield values ranged from 6.90 to 7.83 tons·ha −1 and 2.81 to 6.61 tons·ha −1 , respectively. As indicated by the standard error and deviation values, there was little variability in yields within model variants and across the regions.
In the 2040s, simulated mean yield values under the LES for all regions ranged from 6.08 (EM) to 6.41 tons·ha −1 (SWE), with 6.24 tons·ha −1 for the UK ( Figure 5 , Table 5 ). The 90th and 10th percentile yield values ranged from 6.28 to 6.74 tons·ha −1 and 5.77 to 6.17 tons·ha −1 respectively. Yields for Eastern England, East Midlands, North East Scotland, North West Scotland (NWS) and West Midlands (WM) were negatively skewed. Under the MES, simulated mean yields ranged from 5.38 (WA) to 7.21 tons·ha −1 (NWS) and 6.70 tons·ha −1 for the UK. Five regions (EM, NI, NWS, WM and YH) had mean yields just over 7.0 tons·ha −1 . The 90th and 10th percentiles ranged from 7.53 to 7.88 tons·ha −1 and 2.90 to 6.70 tons·ha −1 respectively. Under the HES, regional mean yields ranged from 5.89 (WA) to 7.59 tons·ha −1 (SEE), with an average of 7.14 tons·ha −1 for the UK. Only EE, NWE and WA had mean yields lower than 7 tons·ha −1 . The 90th and 10th percentiles ranged from 7.45 to 8.34 tons·ha −1 and 3.48 to 7.09 tons·ha −1 respectively. All the regional yield values under both MES and HES were negatively skewed. In the 2050s, mean yields for all UK regions increase over previous time slices for all emissions scenarios. Mean regional yields under the LES ranged from 6.03 (EE) to 6.63 tons·ha −1 (SEE), with 6.44 tons·ha −1 for the UK ( Figure 6 , Table 6 ). The 90th and 10th percentiles ranged from 6.62 to 6.86 tons·ha In the 2050s, mean yields for all UK regions increase over previous time slices for all emissions scenarios. Mean regional yields under the LES ranged from 6.03 (EE) to 6.63 tons·ha −1 (SEE), with 6.44 tons·ha −1 for the UK ( Figure 6 , Table 6 In the 2050s, mean yields for all UK regions increase over previous time slices for all emissions scenarios. Mean regional yields under the LES ranged from 6.03 (EE) to 6.63 tons·ha −1 (SEE), with 6.44 tons·ha −1 for the UK ( Figure 6 , Table 6 ). The 90th and 10th percentiles ranged from 6.62 to 6.86 tons·ha −1 and 4.47 to 6.44 tons·ha −1 , respectively. Mean regional yields under the MES ranged 6.44 (WA) to 7.70 tons·ha −1 (SEE), with a UK average of 7.24 tons·ha −1 . The 90th and 10th percentiles ranged from 7.68 to 8.19 tons·ha −1 and 4.05 to 7.28 tons·ha −1 respectively. Only four regions (EE, EM, NWS and WA) had 90th percentile yield values lower than 8 tons·ha −1 . Simulated mean regional yields under the HES ranged from 7.49 (EE) to 8.18 tons·ha −1 (SEE). The average yield for the UK was 7.77 tons·ha −1 . The 90th and 10th percentiles for the regional yields ranged from 8.24 to 8.60 tons·ha −1 and 5.55 to 7.84 tons·ha −1 , respectively. The 90th and 10th percentiles for the UK were 8.27 and 7.33 tons·ha −1 respectively. The yield values were negatively skewed for all regions and emissions scenarios. 
Differences between Future and Baseline Yields
Relative to the yields in the baseline period , simulated barley yields increased over baseline yields for all time slices, emissions scenarios and regions, with the exception of NWE in the 2030s and WA in the 2030s and 2040s (Figure 7) . Similarly, the simulated future yields were greater than the 2010 regional yields for England and the UK average yield (Figure 3 ) for all time slices and emissions scenarios. The pattern and magnitude of differences represent the general trend in yields in the future time slices and emissions scenarios presented earlier. Thus, the greatest increases in yields were observed under the HES in the 2050s. Changes in mean yields for all regions, emissions scenarios and time slices ranged from 1.43 to 4.05 tons·ha −1 . Except for WA in the 2030s and 2040s, absolute increases in projected yields over the baseline yields for all time slices and emissions scenarios were generally higher in the western than the eastern regions of the UK, but marginally from south to north. For each emission scenario, however, changes in yields between time slices were not substantial under the LES but were greater under the MES and HES. The difference between the MES and HES was not substantial and less obvious in the 2030s compared to the 2040s and 2050s. 
Dips in Yields
Temporal trends in the simulated future yields showed some dips within time slices for all emission scenarios (Supplementary Materials Figures S1-S9) . The frequency and depth of the dips in yields increased from the 2030s to the 2050s and from LES to HES. These dips always resulted from a subset of the climatic variants of a given emissions scenario. For example, yields under 2 tons·ha −1 were observed for some regions in some climate variants in the 2040s and 2050s under the HES. Stresses related to temperature and water could principally account for the yield dips even though it was not always clear. In AquaCrop, these stresses result in reduction in biomass production and HIo. This is exemplified by Figures 8 and 9 (representing selected climatic variants under the HES). Figure 8 represents a situation in which water stress resulted in stomatal closure, early canopy senescence and biomass reduction. Figure 9 represents a situation where water stresses coincided with either anthesis or post-anthesis, resulting in large reductions in both biomass production and 
Temporal trends in the simulated future yields showed some dips within time slices for all emission scenarios (Supplementary Materials Figures S1-S9) . The frequency and depth of the dips in yields increased from the 2030s to the 2050s and from LES to HES. These dips always resulted from a subset of the climatic variants of a given emissions scenario. For example, yields under 2 tons·ha −1 were observed for some regions in some climate variants in the 2040s and 2050s under the HES. Stresses related to temperature and water could principally account for the yield dips even though it was not always clear. In AquaCrop, these stresses result in reduction in biomass production and HIo. This is exemplified by Figures 8 and 9 (representing selected climatic variants under the HES). Figure 8 represents a situation in which water stress resulted in stomatal closure, early canopy senescence and biomass reduction. Figure 9 represents a situation where water stresses coincided with either anthesis or post-anthesis, resulting in large reductions in both biomass production and yield. Soil water content exceeding the anaerobiosis point was also observed, sometimes around anthesis, for some climatic variants. yield. Soil water content exceeding the anaerobiosis point was also observed, sometimes around anthesis, for some climatic variants. 
Discussion
Sowing Date as a Source of Uncertainty
Tracking and quantifying the aggregate effect of all uncertainties on simulated yields in climate change studies are difficult and require complex mathematical procedures [44] . The uncertainties can arise from the projected climate change data (due to, for example, uncertainties in the emissions scenarios), the crop growth simulation model, and the soil and crop input data, including sowing dates [37, 44, 45] . Sowing date affects crop phenology and therefore biomass production, abiotic stresses and yields [3, 29, 46, 47] . Sowing dates are highly variable over time and space [14, 46] . Using actual sowing date can help minimize uncertainties but it is difficult to accurately predict future sowing dates under climate change. Hence, climate change studies rely on current sowing dates and adjustments are explored as part of adaptation planning for future climates [3, 14, 48, 49] . Indicative sowing dates become useful when data on actual sowing dates are lacking. The low RMSE values observed in the current study suggest that the sowing dates used are acceptable.
Yields under Climate Change
The baseline yields show an increasing trend, with 90th percentile of yields around 5 tons·ha −1 . This could be due to a combination of genetic improvement, favourable environmental conditions and improved management practices. Regional mean yields for barley for the period 2000-2010 ranged from 4.6 to 5.5 tons·ha −1 . In 2010, mean spring barley yield for the UK was 5.2 tons·ha −1 , with a mean yield of 4.9 tons·ha −1 for England and 5.4 tons·ha −1 for the rest of the UK (Figure 3) . McKenzie et al. [50] have reported yields as high as 6-10 tons·ha −1 from field experiments with the genotype Westminster in southeast Scotland.
The simulation results show that projected climate change can be beneficial to grain yield of barley across the UK. Barley yields for all UK regions increased over baseline yields for all emission scenarios and time slices. Yield increases were greater under the HES, followed by the MES and in the 2050s compared to the earlier time slices. For example, the 90th percentile of yields in the 2050s, under the HES, exceeds 8 tons·ha −1 , with greatest absolute increase in yields occurring in southeast England. Geographically, the greatest increases in yields relative to the baseline occur in the western half of the UK (except Wales in some instances) even though the east-west yield gradient observed in the baseline period will remain unchanged. The low values of standard deviation and skewness in the simulated yields suggest high certainty in yields [5] . The low variability in regional yields is consistent with the observed variability in the baseline yields. However, the low variability in yields observed across emission scenarios might be due to the small differences in climatic conditions (including atmospheric CO 2 ) up to the 2050s. Differences in climatic variables for the different emission scenarios become substantial after the 2050s [33, 49] . However, for the MES and HES, the 10th percentile values had a wider range and the difference between the lowest 90th and 10th percentile values were also large for all time slices. For Wales, mean yields were higher under the LES than the other emission scenarios in the 2030s and 2040s (Figures 5 and 6 ). It was not clear which environmental conditions produced the deviation from the observed pattern across the emissions scenarios. However, this might be due to uncertainties associated with the sowing date or the climatic variants. Wales recorded the highest RMSE related to the accuracy of sowing dates (Table 3) . There was less variability in yields for Wales under the LES than for the other emissions scenarios in the 2030s and 2040s, evidenced by the increasing standard deviations and skewness (Tables 4 and 5 ).
There are very few simulation studies for barley crops under current conditions in northern temperate environments and fewer under future climates [3, 29] . The observed increases in yields over the baseline yields are consistent with previous studies. Using weather generator data from the UKCP09, Rivington and colleagues [51] reported that the mode of simulated barley grain yields in Scotland exceeded 7 tons·ha −1 in the 2040s under the HES. In Ireland, barley grain yields can exceed 8 tons·ha −1 in 2055 even though current spatial distribution of yield potential will not change [14] .
Similarly, Richter et al. [5] reported that wheat yields in England and Wales are likely to increase by up to 2 tons·ha −1 over baseline yields despite projected reductions in summer rains. The greatest increases were found to occur in East Anglia and the south east. These studies attributed the potential increase in yields to elevated atmospheric CO 2 concentration. Studies in other temperate European environments also reported increases in barley biomass and grain yields under elevated atmospheric CO 2 concentrations [8, 12, 16] .
The observed variations in yields between time slices in the current study might be due to elevated atmospheric CO 2 in combination with small increases in temperature and changes in rainfall to proportionately increase biomass and grain yield so that grain:biomass ratio remains unchanged [14] . This favourable effect of climate change might also account for the greater absolute increase in yield over baseline yields in the western half of the UK where wet conditions around anthesis might be suppressing yields under current conditions [9] . Generally, C 3 crops in northern temperate environments are expected to benefit substantially from elevated atmospheric CO 2 concentration and moderate warming when water is not limiting [3] [4] [5] [6] . This positive effect has been found to arise mainly from greater biomass production and grain number [8, 12, 15, 16] and, to a lesser extent, from increased grain weight due to interactions between CO 2 , temperature and water on the duration and effectiveness of grain filling and canopy senescence [15] .
Stresses and Risks to Yields
Even though the results of the current study suggest yield stability and viability of UK barley production in the future, other stresses related to heat and soil water dynamics might cause yield penalties in some years [3, 6, 20, 52] as indicated by the occasional yield dips (Supplementary Materials Figures S3-S9 ). In AquaCrop, thresholds for the effects of water and temperature stresses on biomass production are executed mainly through changes in canopy expansion, stomatal closure and early senescence [31] . Water stress (under both deficit and saturated conditions) and temperature stresses affect yield directly through pollination failure and reductions in reference harvest index (Figures 8 and 9 ). The situations exemplified by Figures 8 and 9 can result in reductions in biomass production and yield by suppressing transpiration. While the excessive soil water content affected almost all the regions, it was prevalent in Wales, South West Scotland and Northern Ireland where the initial canopy development was adversely affected and maximum canopy cover was not reached.
Reductions in biomass production due to temperature stress in some climatic variants ranged from 2% to 53% across emission scenarios and time slices, with the largest reductions occurring under the HES in Eastern England. This suggests that even though barley is known to be drought tolerant, heat stress can limit productivity in some UK regions under projected climates, especially under the HES. It has been reported that heat stress, due to climate change, is an important source of threat to wheat yields in England and Wales [5] and in Europe [18] or barley production in Finland and Denmark [3, 8] . The risk is that the years in the time slices in the current study do not represent actual future years, implying that the observed stresses can occur in any crop season in the future under the projected climate change conditions. Hence, there is the need to adapt crops or management practices in response to such stressful conditions even though early maturity, due to faster accumulation of total thermal time, might enable the crops avoid heat or water deficit stresses in the summer.
Conclusions
Barley is likely to remain a viable rain-fed crop in the UK under the projected climate change from the 2030s to the 2050s. For all time slices and emission scenarios, mean yields for all UK regions increased over the baseline yields, with greatest increases occurring in the 2050s. The increase in yields for the emissions scenarios followed the order: HES > MES > LES. Absolute increases in yields over the baseline yields were greater in the western half than the eastern regions of the UK. However, stresses related to heat, soil water deficits and surplus pose risks to stable and high yields as they can cause substantial yield penalties in some years. Adaptation planning in response to these potential risks is recommended. The effects of extreme events and their intensities, or the probability of exceeding a certain threshold of climate change signal (e.g., increase in temperature exceeding 4 • C) were not assessed. These are crucial for quantifying and better understanding risks and planning adaptation especially when heat stress has been found to be a potential threat. 
